Maternal diabetes-induced neural tube defects (NTDs) are associated with increased programmed cell death (apoptosis) in the neuroepithelium, which is related to intracellular nitrosative stress. To alleviate nitrosative stress, diabetic pregnant mice were fed via gavage an inhibitor of nitric oxide (NO) synthase (NOS) 2, L-N6-(1-iminoethyl)-lysine (L-NIL; 80 mg/kg), once a day from embryonic (E) day 7.5 to 9.5 during early stages of neurulation. The treatment significantly reduced NTD rate in the embryos, compared with that in vehicle (normal saline)-treated diabetic group. In addition to alleviation of nitrosative stress, endoplasmic reticulum (ER) stress was also ameliorated, assessed by quantification of associated factors. Apoptosis was reduced, indicated by caspase 8 activation. These results show that nitrosative stress is important in diabetes-induced NTDs via exacerbating ER stress, leading to increased apoptosis. Oral treatment with NOS-2 inhibitor alleviates nitrosative and ER stress, decreases apoptosis, and reduces NTDs in the embryos, providing information for further interventional studies to reduce diabetes-associated birth defects.
Introduction
Diabetes mellitus (DM) in pregnancy is one of the maternal diseases that cause congenital birth defects in infants. [1] [2] [3] Diabetesinduced fetal anomalies are commonly present in the central nervous system known as neural tube defects (NTDs). 4, 5 Manifestation of these developmental malformations is a result of failure in formation of the neural tube during the neurulation, via fusion of the neural groves along the dorsal midline. 6, 7 In diabetic embryopathy, NTDs are associated with excessive programmed cell death (apoptosis) in the neuroepithelium during neurulation. 1, 3, 8 Although the factors involved in execution of apoptosis have been characterized, such as members of the B-cell lymphoma 2 (Bcl-2) and caspase families, the mechanisms by which these intermediaries induce apoptosis are not fully understood. 9, 10 Evidence suggests that oxidative stress-an imbalance between high level of reactive oxygen species (ROS) and low level of antioxidative buffering-and nitrosative stress, the result of a high level of reactive nitrogen species (RNS) derived from nitric oxide (NO), play an essential role in hyperglycemia-induced NTDs. [11] [12] [13] Nitric oxide is a signaling molecule that regulates a wide range of cellular activities, including proliferation, differentiation, and apoptosis. 14, 15 However, in pathological conditions, high levels of NO can stimulate apoptosis by itself or form highly reactive radicals with ROS, known as reactive nitrogen species (RNS). The resultant nitrosative stress perturbs intracellular signaling, leading to the activation of apoptotic regulators. 14 Nitric oxide is generated by NO synthases (NOSes), including neuronal (nNOS; NOS-1), inducible (iNOS; NOS-2), and endothelial (eNOS; NOS-3). 16 NOS-1 and NOS-3 are constitutively expressed and do not vigorously respond to extracellular stimulation. 17 In contrast, NOS-2 actively responds to extracellular changes, with a marked upregulation in expression and activity. 18 In the embryos of diabetic pregnancy, high levels of NO and RNS are generated. 12, 19 While the expression of NOS-1 and NOS-3 is decreased, 11, 20 NOS-2 is dramatically upregulated and plays a major role in NO generation. 11 Using a nos2 gene knockout animal model and NOS-2 inhibitor, the role for nitrosative stress in embryonic malformations in diabetic pregnancies has been demonstrated. 11 Both NO and RNS disturb the function of the endoplasmic reticulum (ER). Dysfunction of this organelle, including deficient protein folding and processing, causes prolonged retention of polypeptides in its lumen, resulting in ER stress. 21, 22 In response to ER stress, a number of chaperone proteins, including calnexin, are induced to facilitate protein folding. 21 When ER stress reaches a certain threshold level, cells undergo apoptosis by switching on apoptotic machinery, including the unfolded protein response (UPR), ROS, stressresponse kinase (apoptosis signal-regulating kinase 1 [ASK1] and c-jun N-terminal kinases [JNKs] cascades. 23, 24 The ER stress is one of the major intracellular factors involved in apoptotic induction in various pathological conditions, although it has not been characterized in diabetic embryopathy. 23 Both NO and RNS induce ER stress by disturbing ER calcium (Ca 2þ ) homeostasis, which is essential for chaperone proteins to function properly in protein folding. 25 They also influence the activity of factors in the UPR cascade. Both NO and RNS activate eukaryotic initiation factor 2a (eIF2a) and double-stranded RNA-activated protein kinase (PKR)-like ER kinase (PERK) via phosphorylation. 26 These factors interact with activating transcription factors (ATFs) to regulate apoptosis-associated genes, including members of the Bcl-2 and caspase families. 23, 24 The ultimate goal of research in diabetic embryopathy is to develop interventions to prevent birth defects associated with diabetes-complicated pregnancies. Animal research has shown that alleviation of oxidative stress via oral treatment with antioxidants, such as vitamins C and E, reduces malformations in the embryos of diabetic rodents. [27] [28] [29] [30] However, clinical trials using these vitamins to treat similar diseases in humans have produced unsatisfactory results. [31] [32] [33] Inhibition of NOS-2 via injection of NOS-2 inhibitor (ONO-1714) to diabetic pregnant mice has been shown to reduce malformation rate in the embryos, suggesting that inhibition of NOS-2 is a strategy for disease prevention. 11 In the present study, we investigate the efficacy of oral treatment with a well-characterized NOS-2 inhibitor, L-N6-(1-iminoethyl)-lysine (L-NIL), 34 in reducing embryonic malformations in diabetic pregnant mice. We also study the impact of NOS-2 inhibition on ER stress and apoptosis.
Materials and Methods

Diabetic Animal Model
Use of animals was approved by the Institutional Animal Care and Use Committee of University of Maryland, Baltimore. Female mice (C57BL/6J) were injected intravenously with streptozotocin (CAS 18883-66-4; Sigma-Aldrich, St Louis, Missouri) at a 65 mg/kg dosage to eliminate insulinproducing b-cells in pancreas. 35 Diabetes mellitus was defined as blood glucose levels reaching 14 mmol/L (250 mg/dL). Before mating with normal male mice, the glucose levels were restored to the normal range (4.5-8.5 mmol/L) by subcutaneous implantation of insulin pellets (Linshin Canada). 36, 37 Presence of the vaginal plug in the next morning after pairing was designated as embryonic (E) day 0.5. At E5.5, insulin implants were removed to make the female mice hyperglycemic again (denoted as diabetes mellitus [DM] group), which usually occurs at E7.5, one day before neurulation begins. 38 A group of mice with insulin pellets retained were used as nondiabetic mellitus (Non-DM) control.
Pregnant mice were fed L-N6-(1-iminoethyl)-lysine dihydrochloride (L-NIL; CAS 159190-45-1; dissolved in saline; Enzo Life Sciences, Plymouth Meeting, Pennsylvania; 80 mg/kg body weight) or normal saline (NS; 0.1 mL) once a day from E7.5 to E9.5. 39, 40 Four groups were included in this study,
and DM þ L-NIL. At E10.5, which is the late stage of neurulation, 38 the mice were euthanized and the embryos were collected for examination. Maternal blood glucose levels were monitored every day between E7.5 and E10.5.
Immunohistochemistry
The embryos were fixed in 4% paraformaldehyde in phosphatebuffered saline (PBS, pH 7.4) for 16 hours at 4 C and dehydrated through a series of concentrations of ethanol. They were then embedded in paraffin wax through mediation steps of xylene. Tissue sections in 6 mm thickness were cut using a microtome. Tissue sections were dewaxed in xylene and rehydrated through a reverse ethanol concentration series to water, boiled in a citrate buffer (10 mmol/L citrate acid, pH 6.0) for 5 minutes to unmask antigens, and equilibrated in PBS (pH 7.4). The sections were incubated with antibodies against phosphorylated calnexin and eIF2a (pcalnexin; Abcam, Cambridge, Massachusetts) and p-eIF2a (Cell Signaling Technology, Beverly, Massachusetts) for 16 hours at 4 C, followed by an incubation of alkaline phosphataseconjugated secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, California). Signals were detected using phosphatase substrates (nitro-blue tetrazolium and 5-bromo-4-chloro-3 0 -indolyphosphate; Sigma-Aldrich). The sections were counterstained with fast red (Vector Laboratories, Burlingame, California). A negative control (ie, without incubation of a primary antibody) was included to control nonspecific binding of antibodies to tissue sections. At least 3 normal and malformed embryos from Non-DM and DM groups, respectively, were used for the immunohistochemical assay.
Western Blot Assay
The neural tissues in the cranial regions (forebrain, midbrain, and hindbrain) of the embryos were isolated and individually collected using fine tungsten needles under a stereo-microscope in cold PBS (pH 7.4). The tissues were homogenized in a lysis buffer (25 mmol/L Tris-HCl, pH 7.6, 150 mmol/L NaCl, 1 mmol/L DTT, 5 mmol/L EDTA, 1% NP-40) containing protease and phosphatase inhibitor cocktails (Thermo Scientific, Rockford, Illinois). The tissue homogenates were centrifuged at 14 000 rpm for 15 minutes at 4
C to obtain supernatants. Samples containing 40 mg of protein from normal embryos in the CON and DM þ L-NIL groups and malformed embryos in the DM þ NS group were resolved in 10% polyacrylamide gel using electrophoresis in the presence of sodium dodecyl sulfate (SDS) and blotted onto polyvinylidene fluoride membranes (Millipore, Billerica, Massachusetts). After blocking with 10% nonfat milk, the membranes were incubated with primary antibodies for 16 hours at 4 C. The primary antibodies included antibodies against eIF2a, p-eIF2a, PERK, p-PERK, and calnexin (Cell Signaling Technology); p-calnexin (Abcam); caspase 8 (Enzo Life Sciences); caspase 12 (EMD Biosciences, Gibbstown, New Jersey), and 3-nitrotyrosine (3-NT; Millipore). This was followed by incubations with horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology) for 1 hour at room temperature. Signals were detected using SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific), captured using a CCD Chemicamera, and analyzed using the program in UVP Bioimage system (UVP, Upland, California). The same membranes were stripped using Restore Western Blot Stripping Buffer (Thermo Scientific) and probed again with an antibody against b-actin (Abcam) to control equal loading of protein samples. The fluorescence intensity of the Western blot bands was measured using the UVP Bioimage system (UVP). The values of b-actin were used to normalize the data of the corresponding bands of interest.
Statistical Analysis
The NTD rate was calculated as a percentage of the embryos with NTDs in total number of embryos in the same litter. The embryos of all litters in the same group were pooled for analysis because of no indication of heterogeneity among litters in the same group (Pearson statistic: w 2 ¼ 7.71 with df ¼ 12). The exact unconditional test was performed to compare the NTD rates between groups. The confidence interval of the NTD rate difference was calculated. The relative levels of proteins of interest to those of b-actin were analyzed using the exact Wilcoxon rank sum test, with P < .05 as a standard of significant difference.
Results
Reduction of NTD in the Embryos of Diabetic Mice Treated With L-NIL
To investigate whether alleviation of nitrosative stress via inhibition of NOS-2 suppresses embryonic malformation in diabetic mice, pregnant mice were treated with the NOS-2 inhibitor L-NIL via gavage. The effects of L-NIL on embryonic development in non-DM (''normal'') condition were examined. No NTDs were observed in this non-DM þ L-NIL group, which was similar as in the CON group (non-DM þ NS; Figure  1A ; Table 1 ). In the DM þ NS group, 19.5% of the embryos displayed NTDs ( Figure 1B ; Table 1 ), and this was reduced to 3.85% in the DM þ L-NIL mice ( Figure 1C ; Table 1 ). The NTD rate in the DM þ L-NIL group was significantly lower than that in the DM þ NS group (P ¼ .017; Table 1 ).
Alleviation of Nitrosative Stress in the Neural Tubes of the Embryos of Diabetic Mice Treated With L-NIL
To address whether treatment with L-NIL alleviates nitrosative stress, protein-associated 3-NT level was evaluated using immunoblot assay. 3-NT levels, quantified in the whole lane on the blot, in the embryos with NTDs in the DM þ NS group were higher than those in the CON group (Figure 2) . Levels of 3-NT in the embryos of the DM þ L-NIL group were significantly lower than that in the DM þ NS group and similar to that in the CON group (Figure 2) .
Amelioration of ER Stress in the Neural Tubes of the Embryos of Diabetic Mice Treated With L-NIL
The ER stress has been implicated in many pathological conditions. To investigate whether ER stress is increased in the embryos of diabetic pregnancies, ER stress was examined at 2 levels: (1) tissue localization of ER stress factors, p-eIF2a and p-calnexin, in the neural tube of the embryos using immunohistochemistry; and (2) quantification of the level of these factors by immunoblot assay.
Presence of ER stress in the neural epithelium was, first, examined in the embryos without treatment with either L-NIL or NS. Both p-eIF2a and p-calnexin were detected in the neuroepithelium of embryonic neural tube (Figure 3 ). More intense staining was observed in the embryos displaying NTDs in the DM group, compared to normal embryos in the non-DM group. Immunoblot assays showed increases in the levels of p-PERK, p-eIF2a, and p-calnexin in the DM group, while no significant changes in the total proteins of PEKR, eIF2a, and calnexin (data not shown; similar to those in Figure 4) .
To address the question whether nitrosative stress influences ER stress, the levels of the ER stress factors were assessed in the embryos treated with L-NIL. Significant decreases in p-PERK, p-eIF2a, and p-calnexin were observed, compared with the DM þ NS group (Figure 4) . The levels were similar to those in the CON group (Figure 4) .
Decreases in Caspase 8 Activation in the Neural Tubes of the Embryos of Diabetic Mice Treated With L-NIL
To determine whether the reduction of NTDs by NOS-2 inhibition is associated with changes in cell death, apoptosis in the neural tube was examined by monitoring caspase 8 cleavage. A significant decrease in the level of cleaved caspase 8 was observed in the DM þ L-NIL group, compared with that in the DM þ NS group ( Figure 5 ). In contrast, the level of cleaved caspase 12 was not altered in any of these groups ( Figure 5 ).
Discussion
Nitrosative stress is a crucial intracellular condition in the embryos of diabetic pregnancy causing developmental malformations. 11 This study demonstrates that dietary inhibition of NOS-2 significantly alleviates nitrosative stress and reduces NTDs in the embryos of diabetic mice. This suggests that inhibition of NOS-2 function may be a therapeutic strategy. Further studies using animal models are warranted.
In diabetic embryopathy, intracellular nitrosative and oxidative stresses have been well characterized. 11, 13 However, ER stress, a critical factor in induction of programmed cell death (apoptosis and autophagy) in many pathological conditions, 23 has not been studied in diabetic embryopathy. Our present study provides evidence that ER stress is present in diabetic mouse embryos. Furthermore, suppression of NOS-2 activity is associated with reduced ER stress and reduced numbers of NTDs. These observations suggest the existence of complex molecular interactions in embryonic cells challenged with hyperglycemia.
The ER stress is associated with inappropriate protein folding and processing, which require calcium (Ca 2þ ) homeostasis. 41 The level of Ca 2þ in the ER is normally tightly regulated 41 but can be regulated by NO and RNS. 42 The increases in activated (phosphorylated) calnexin, a Ca 2þ -dependent chaperone protein, implicate changes in Ca 2þ concentration in the ER. The NOS-2 inhibition restores the levels of p-calnexin to the control range, suggesting a potential involvement of nitrosative stress in the regulation of ER Ca 2þ homeostasis. Ca 2þ is transported into the ER via its transmembrane channels, such as sarco/endoplasmic reticulum Ca 2þ -ATPase (SERCA) and released from the ER via inositol triphosphate receptor (IP3R) and/or ryanodine receptor (RyR). 25 Nitric oxide has been shown to influence the activity of these Ca 2þ channels. 43, 44 However, the underlying mechanisms in diabetic embryopathy remain to be delineated.
The ER stress also activates the ASK1/JNK stress response pathway. 24, 45 JNK2 has been clearly shown to be an essential mediator of the effects of maternal hyperglycemia on embryonic malformations. 27, 46 However, since JNKs also respond to oxidative stress, it remains to be determined which stress condition plays the predominant role in JNK activation. 47 Under severe ER stress, cells turn on apoptotic machinery, including the UPR. In this pathway, PERK phosphorylates eIF2a, which, in turn, represses protein translation and activates ATF4 transcription factor-dependent expression of apoptosis-associated genes. 48, 49 We show in this study that the PERK-eIF2a pathway is activated in diabetic embryopathy.
Further investigation into the role of this pathway in regulation of apoptosis in diabetic embryopathy should be pursued.
Alleviation of nitrosative stress by NOS-2 inhibition leads to decreases in apoptosis in the embryonic neural tube of diabetic mice. This is associated with the suppression of caspase 8 activation, which plays a role in diabetic embryopathy. 9 This finding suggests an involvement of the caspase-8-regulated apoptotic cascade in NO-and/or RNS-induced apoptosis in diabetic embryopathy. Whether ER stress mediates the effects of nitrosative stress in caspase 8 activation remains to be addressed. The ER stress has been shown to activate caspase 12, which resides on the ER in many types of animal cells. 50 In the present study, we show that caspase 8, but not caspase 12, is activated in embryos that have NTDs.
Nitric oxide appears to be essential for normal embryonic and fetal development. When NO donor sodium nitroprusside or the pan-NOS inhibitor N G -monomethyl-L-arginine (L-NMMA; 200-600 mmol/L) is injected into the amniotic fluids of rat E10.5 conceptuses in culture in vitro, they cause embryonic malformations. 51 However, in vivo treatment with a similar pan-NOS inhibitor, N(G)-nitro-(L)-arginine methyl ester (L-NAME), produces no significant increases in fetal malformations. 11 Fetal limb abnormalities have been observed in pregnant rats injected with L-NAME (*500 mg/kg) at late fetal development. 52, 53 Interestingly, the limb reduction phenotype is present in mouse fetuses lacking the nos3 (enos) gene, 54, 55 but no abnormal phenotypes are seen in mice lacking the other NOS genes. [56] [57] [58] It has been suggested that the effects of L-NAME are on fetal vascular homeostasis secondary to NO deficiency. 53, 59 Treatments of pregnant rats with NOS-2 inhibitors (eg, L-NIL, phenyl-N-t-butylnitrone, and aminoguanidine) generate no fetal abnormalities, rather reduce the incidence and severity of hemorrhage caused by L-NAME.
60,61 The NOS-2 inhibitors ONO-1714 11 and L-NIL (this report) have been shown to exert no teratogenic effect, although the cause of higher resorption rate by ONO-1714 treatment remains to be further examined. In our present studies, the lack of teratogenic effect of L-NIL suggests that either L-NIL did not significantly act on NOS-1 and/or NOS-3 or the concentration of L-NIL used (80 mg/kg) did not reduce the NO level to an extent that influences development. Therefore, the use of NOS-2-selective inhibitors will be a preferred strategy, since the level of NOS-2 is high when embryos are challenged by maternal hyperglycemia.
The interaction among nitrosative, ER, and oxidative stress appears to be critical in the manifestation of NTDs in diabetic embryopathy. Alleviation of oxidative stresses using antioxidants, such as vitamins C and E, has been shown to reduce embryonic malformations in diabetic animals. 11, [27] [28] [29] However, clinical trials using these vitamins have shown unsatisfactory results in the amelioration of oxidative stress-related human diseases. [31] [32] [33] Similar outcome could likely be produced in diabetic pregnancies when the same approaches are applied.
Optimistically, amelioration of nitrosative stress appears to be associated with reduction in embryonic malformations in diabetic embryopathy when pregnant animals are injected with L-NAME or ONO-1714 11 Our study further demonstrates that dietary supplementation with an appropriate NOS inhibitor may be a viable approach to suppress fetal malformations. Furthermore, combination of agents to alleviate multiple stress conditions (oxidative, nitrosative, and ER) may be a more effective strategy to achieve the ultimate goal of preventing birth defects in diabetic pregnancies.
